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A B S T R A C T
Rice is one of the most important cereal crops, feeding more than 50% population of the world. To meet
the demand of increasing population, rice production has to be improved continually. As a very important
part of rice plant, root system plays multiple roles in rice growth: anchorage of the plant, acquisition of
water and nutrient elements, and biosynthesis of amino acids and hormones, etc. Almost all of the hot
spots about rice research are associated with rice root: drought tolerance, lodging resistance, and
efﬁcient use of nutrition, the goal is to increase the grain yield with desirable seed quality. Although the
understanding about rice root has been expanded in the last decades, there remain much to be done
about root morphology and physiology, especially in root genetics. Rice root research is an exciting and
focusing ﬁeld in recent years. More and more researches on rice root genetics have been made. There is a
close relation between above ground traits and underground roots, providing an alternative approach for
rice genetic improvement. A number of genes associated with root architecture and physiological
functions have been identiﬁed, or cloned. It provides an opportunity to further improve rice based on
molecular assisted selection. Root traits improvement should be taken into account in future breeding
programs in rice. However, root research is still a consuming and difﬁcult work, because it was largely
inﬂuenced by the complex underground environment. This paper reviewed the progress in rice root
genetic research, and discussed its prospects.
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Rice is one of the most important food crop, feeding more than
half of the world’s population. The increasing population and
economic development have been posing a growing pressure for
increase in food production (Zhang, 2007). Meanwhile, rice yield
increase eventually slowed in China as well as in other countries.
The average yearly increase in yield dropped from 3.7% in 1980s to
0.9% in 1990s (Katsura et al., 2007). To meet the demand of food for
increasing population, raising the yield ceiling of rice remains a
priority task for rice breeders (Cheng et al., 2007b).
As an important organ of rice plant, root performs vital
functions: acquisition of resources and anchorage of rice plant. In
addition, root systems serve the secondary functions, such as* Corresponding author. Tel.: +86 571 63370188.
E-mail addresses: wmw5599@126.com (W. Wu), shcheng@mail.hz.zj.cn
(S. Cheng).
http://dx.doi.org/10.1016/j.fcr.2014.04.013
0378-4290/ã 2014 The Authors. Published by Elsevier B.V. This is an open access article upropagation, synthesis of growth regulators, storage (Fitter, 2002).
The synthesis of organic substances is very important to rice
growth. The release of the organic substances from roots can
modify the physical, chemical and biochemical characteristics of
the soil in the rhizosphere (Grayston et al., 1996). Roots sense and
response to abiotic and biotic stresses, and communicate with the
shoot via signaling pathway. Hormones play a pivotal role in root/
shoot communications. ABA (abscisic acid), ethylene and auxin
serve as the signals for communication between root and shoot in
rice (Konings and Jackson, 1979; Bano et al., 1993). Roots can
regulate not only stomatal conductance, and also affect the posture
of leaf blade and photosynthesis rate under soil impedance,
nutrient, drought and salt stresses.
Since Weaver (1919) performed a pioneering investigation on
rice root, great progress has been made in rice root biology. It is
well known that the functions of absorption and support of root
system are an important guarantee for biological yield and grain
yield of rice (Carvalhais et al., 2011). Therefore, root traits have
been claimed to be critical for increasing yield under soil-relatednder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/)
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closely associated with the growth and development of above-
ground part of plant (Yang, 2011).
Root researches have been paid more and more attentions in
recent years. With the aid of novel molecular biology methods,
continuing progress on root genetic research has been achieved in
rice. A number of genes related to root morphological character-
istics and physiological functions have been identiﬁed or cloned,
which opened an opportunity for further improvement of rice
productivity (Rebouillat et al., 2009; Uga et al., 2013).
2. Importance of root genetic improvement
2.1. Increasing rice productivity
It is the roots that absorb most nutrients and water (Russell,
1977). Among essential nutrient elements required for rice growth,
inorganic carbon is absorbed mainly by leaves in the form of
carbon dioxide, the other essential mineral elements are all
absorbed mainly through root surface from the soil. Root is the
foundation of rice development.
As described in the report by Zhang et al. (2009), the high grain
yield was mainly due to a larger sink size (total number of
spikelets) as a result of a larger panicle. The low percentage of ﬁlled
grains was closely associated with a quick decreased root activity
during grain ﬁlling. Further research is needed to understand the
mechanism involved in the low percentage of ﬁlled grains and
yield ﬂuctuation and to improve the yield performance in elite
hybrid lines. The yield of elite varieties can be further increased by
an increase in ﬁlled grains through enhancing root activity during
grain ﬁlling (Yang, 2011; Cheng et al., 2007c).
2.2. Enhancing tolerance to abiotic stresses
Drought is one of the most severe abiotic stresses limiting rice
productivity in the world, and poses a serious threat to the
sustainability of rice yields in rainfed agriculture. Development of
drought resistant rice is one of the objectives in the water-saving
agriculture programs (Dat, 1986). Acquisition of more water from
soil is a mechanism for drought tolerance in rice. Improving the
understanding of the interaction between root function and
drought in rice could have a signiﬁcant impact on global food
security (Gowda et al., 2011). Therefore, improving root systemFig. 1. Sodic and salinewith deep root and high water uptake ability would be the key to
developing elite rice varieties suitable for water-saving farming
system.
Soil salinity is another severe abiotic stress in agriculture
worldwide (Fig. 1). About 20% of the world’s cultivated land and
nearly half of all irrigated lands are affected by salinity (Rhoades
and Loveday, 1990). High salt stress disrupts homeostasis in water
potential and ion distribution. This disruption of homeostasis
occurs at both the cellular and the whole plant levels. Drastic
changes in ion and water homeostasis lead to molecular damage,
growth arrest and even death (Zhu, 2001). For plants growing in
saline soils, the ‘exclusion’ of Na+ and Cl– by roots is of paramount
importance (Barrett-Lennard, 2003). High-afﬁnity K+ transport
systems are also essential for preventing Na+ toxicity. Under NaCl-
dominated salt stress, the key to plant survival is maintaining a low
cytosolic Na+ level or Na+/K+ ratio. Therefore, one way to engineer
plant cells with improved salt tolerance is to enhance K+ uptake
activity of the cells, while keeping Na+ out during salt stress (Horie
et al., 2011). Developing salt tolerance varieties is also a task for rice
breeders in the future.
2.3. Improving efﬁciency of nutrients
The use of fertilizer changed dramatically in the twentieth
century, but excess nutrients have involved in many environmental
problems. Unused fertilizer is washing off ﬁelds into rivers,
poisoning coastal waters and causing acid rain (Nosengo, 2003).
Nitrogen use efﬁciency (NUE) for cereal production is approxi-
mately 33% worldwide. The remaining N from fertilizer is lost to
the atmosphere or leached into the groundwater and other
freshwater bodies (Raun and Johnson, 1999), which is causing
serious N pollution and becoming a threat to global ecosystems
(Nosengo, 2003). Nitrogen pollution is now claimed the third
major threat to our planet after biodiversity loss and climate
change (Giles, 2005).
On the other hand, nutrients deﬁciencies are most frequently
encountered in agriculture practices. For example, low levels of
plant-available P in soils are the major constraint for rice
production. Only 10–20% of the P supplied in fertilizers is available
to plants (Wada et al., 1990). The development of cultivars with an
improved ability to utilize this large but hardly plant-available P
pool could offer a more sustainable solution than relying on
fertilizer application alone (Wissuwa et al., 1998). soils of the world.
Fig. 2. Root system of rice. (A) 3 days after germination; (B, C) 20 and 50 days after germination. RD: radicle; CR: crown root (adventitious root); LLR: large lateral root; SLR:
small lateral root.
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3.1. Root development
Rice bears a shallow root system that is comprised of one
seminal root (radicle), numerous adventitious roots (crown roots)
arising from successive nodes, and large and small lateral root
emerging from primary roots (Fig. 2). Dissecting genetic and
molecular mechanisms controlling rice root development is
critical for the development of new rice ideotypes that are better
adapted to adverse conditions and for the production of sustain-
ably achieved rice yield potential (Rebouillat et al., 2009). Early in
1980s, Chang et al. (1982) and Ekanayake et al. (1985) have made
some genetic researches on rice root. Fustuhara and Kitano (1985)
reported a crown root inhibiting gene RT1. To date, advances have
been made in root genetics. Through the utilization of several
mapping populations (including DH, RI, and F2 population, such as
Akihikari/IRAT109, CT9993/IR6226, Bala/Azucena, IR64/Azucena),
more than 700 QTLs related to rice root architecture (root length,
root number, and root thickness etc.) have been mapped (Horii
et al., 2006; Kamoshita et al., 2002; Price et al., 2002; Nguyen et al.,
2004). For more information, see Courtois et al., 2009, and http://
www.gramene.org/. An increasing number of genes related to rice
root have been identiﬁed or cloned (Rebouillat et al., 2009; E et al.,
2012).
3.1.1. Adventitious root formation
There are four reported genes related to radicle development in
rice. The ral1 is the ﬁrst mutant impaired in both procambium
development and vascular patterning to be isolated in a monocot
species, which produce normal adventitious roots after germina-
tion. Knockdown of RADICLELESS1 (RAL1) gene results in distinctive
vascular pattern defects (Scarpella et al., 2003) (Table 1). The both
ral2 and ral3 mutants also presented radicle inhibition (Hong et al.,
1995). OsCem mutant develops Siamese polyembryos with
multiple radicles. OsCem encodes a protein related to polar
transport of auxin in the embryos and that is speciﬁcally expressedin embryo tissues and not in other vegetative tissues (Yang and
Hwa, 2008).
Crown rootless1 (crl1) mutant is defective in crown root
formation (Inukai et al., 2005). It showed auxin-related abnormal
phenotypic traits in the roots, such as decreased lateral root
number, auxin in sensitivity in lateral roots (LRs) formation, and
impaired root gravitropism, whereas aboveground organs were
normal. ARL1 is the same gene with CRL1 (Liu et al., 2005). CRL1
encodes a protein with a LOB domain. It expresses in lateral and
adventitious root primordia, tiller primordia, vascular tissues,
scutellum, and young pedicels. CRL2 is involved in crown root
formation, the initiation and subsequent growth of adventitious
roots primordia of mutant are impaired (Inukai et al., 2001). CRL3 is
exclusively involved in the formation of the crown root primordia,
but not in the formation of other types of root primordial and shoot
apical meristem (Kitomi et al., 2008a). CRL4 encodes OsGNOM1,
which expressed in AR(adventitious root) primordia, vascular
tissues, LRs, root tips, leaves, anthers and lemma veins (Kitomi
et al., 2008b). CRL4 is mediated by OsPINs family, such as OsPIN2,
OsPIN5b, OsPIN9, and affected the formation of ARs through
regulating PAT (polar auxin transport) (Liu et al., 2009). CRL5
encodes a member of the large AP2/ERF transcription factor family
protein. The auxin-induced CRL5 promotes crown root initiation
through repression of cytokinin signaling by positively regulating
type-A RR, OsRR1 (Kitomi et al., 2011).
It is known that SCR (SCARECROWN) and SHR (SHORT-ROOT)
genes related with root initiation and root elongation in plants.
OsSCR1 and OsSCR2 are involved in root development. They are
essential for the asymmetric division of the cortex/endodermis
progenitor cell in the root, and expressed in the endodermal cell
layer and down-regulated in the daughter cortex cell after
asymmetric division in the root tip (Kamiya et al., 2003). A SHR
homolog from rice is a moving transcription factor essential for
endodermis speciﬁcation. SHR movement is limited to essentially
one cell layer. SCARECROW (SCR) blocks SHR movement by
sequestering it into the nucleus through protein-protein interac-
tion and a safeguard mechanism that relies on a SHR/SCR-
Table 1
Reported root development-related genes.
Phenotype Gene Locus ID Reference
Radicle initiation RAL1,RAL2,RAL3 Scarpella et al. (2003); Hong et al. (1995)
OsCEM Yang and Hwa (2008)
Crown root formation OsCAND1 LOC_Os02g7120 Wang et al. (2011)
OsCOW1 LOC_Os03g6654 Woo et al. (2007)
CRL1(ARL1)
CRL2,CRL3
CRL4(OsGNOM1)
CRL5
LOC_Os03g5510
LOC_Os03g46330
LOC_Os07g3250
Inukai et al. (2005); Liu et al. (2005)
Inukai et al. (2005); Kitomi et al. (2008a)
Kitomi et al. (2008b); Liu et al. (2009)
Kitomi et al. (2011)
OsMT2b LOC_Os05g2070 Yuan et al. (2008)
OsSHR1 Cui et al. (2007)
OsSCR1, OsSCR2 Kamiya et al. (2003)
WOX11 LOC_Os07g48560 Zhao et al. (2009)
OsYUCCA1 LOC_Os01g45760 Yamamoto et al. (2007)
Root elongation OsAGAP LOC_Os02g10480 Zhuang et al. (2005)
OsARF12 LOC_Os04g57610 Qi et al. (2012)
OsCKI1 LOC_Os02g40860 Liu et al. (2003)
OsCYT-INV1 LOC_Os02g34560 Jia et al. (2008)
OsDGL1 LOC_Os07g10830) Qin et al. (2013)
GLR3.1 LOC_Os04g49570 Li et al. (2006b)
OsRR1 LOC_Os04g36070 Kitomi et al. (2011)
OsRR2 LOC_Os02g35180 Zhao et al. (2009)
OsGNA1 LOC_Os09g31310 Jiang et al. (2005)
OsGLU3 LOC_Os04g41970 Zhang et al. (2012a)
KSR1 Ning et al. (2010)
OsKSR2 Luo et al. (2012)
RT1 Fustuhara and Kitano (1985)
OsRAA1 LOC_Os01g15340 Ge et al. (2004)
OsRMC LOC_Os04g56430 Jiang et al. (2007)
RRL1,RRL2,RRL3 Inukai et al. (2001, 2003)
SRT1, SRT2, SRT3
SRT4
SRT5
LOC_Os02g34560 Ichii and Ishikawa (1997); Yi et al. (2002)
Liang and Ichii (1995)
Yao et al. (2002)
SRT6 Yao et al. (2003)
OsSPR1 LOC_Os01g67290 Jia et al. (2011)
qRL6.1 Obara et al. (2010)
qRL7 Wang et al. (2013a)
OsPIN1 LOC_Os02g50960 Xu et al. (2005)
OsPIN3t LOC_Os01g45550 Zhang et al. (2012c)
Root angle DRO1 LOC_Os09g26840 Uga et al. (2013)
Root thickness DES Wan et al. (1996)
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2007). OsKSR2 is responsible for root development. Osksr2 shows a
dwarf phenotype and the elongation of primary roots, adventitious
roots and lateral roots are severely impaired (Luo et al., 2012).
OsCAND1 is an ortholog of Arabidopsis CAND1, required for crown
root emergence. The defect of visible crown root in the Oscand1
mutant is the consequence of a cessation of the G2/M cell cycle
transition in the crown root meristem. During crown root
primordium development, the expression of OsCAND1 is conﬁned
to the root cap after the establishment of fundamental organization
(Wang et al., 2011).
3.1.2. Root elongation
Root elongation is essentially driven by stem cells localized in
apical meristems of roots. The mutants rrl1, rrl2 both show shorter
root, RRL1, RRL2 inhibit the maintenance of root apical meristem
and cell elongation (Inukai et al., 2001). The mutant rrl3 with short
roots is highly sensitive to mechanical stimulus. RRL3 speciﬁcally
regulates the cell production process in the root meristematic zone
under mechanically impeded condition, and does not regulate the
sensitivity to ABA (abscisic acid), IAA (indoleacetic acid) and
ethylene (Inukai et al., 2003). SRT1 is a short root gene. The srt1
shows shorter length of root due to defective cell elongation (Ichii
and Ishikawa, 1997). Subsequently, srt2, srt3, srt4 and srt5were
characterized (Liang and Ichii, 1995; Yi et al., 2002; Ichii and
Ishikawa, 1997; Yao et al., 2002). The mutant srt5 shows extreme
inhibition of seminal root, crown root and lateral root elongation,and altere root hair formation at the seedling stage, due to the
reduced cell size and cell number. SRT6 is restricted speciﬁcally to
the development of primary roots. Its expression is phase-speciﬁc,
and greatly reduced primary root length and diameter (Yao et al.,
2003).
ADP-ribosylation factor (ARF) proteins, which mediate vesicu-
lar transport, have little or no intrinsic GTPase activity. They rely on
the action of GTPase-activating proteins (GAPs) and guanine
nucleotide exchange factors (GEFs) for their function. OsAGAP
encodes a protein with predicted structure similar to ARF-GAP.
Transgenic Arabidopsis with OsAGAP constitutively expression
shows reduced apical dominance, shorter primary roots, increas-
ing number of longer adventitious roots (Zhuang et al., 2005).
Glu receptors are known to function as Glu-activated ion
channels that mediate mostly excitatory neurotransmission in
animals. Glu receptor-like genes have also been reported in higher
plants, although their function is largely unknown. GLR3.1 is a Glu
receptor-like gene in rice, the root meristematic activity of mutant
is distorted and accompanied by enhanced programmed cell death.
GLR3.1 is essential for the maintenance of cell division and
individual cell survival in the root apical meristem at the early
seedling stage (Li et al., 2006b).
OsGNA1 is involved in de novo UDPN-acetylglucosamine
biosynthesis. It encodes a glucosamine-6-P acetyltransferase.
The gna1 mutant exhibited a temperature-sensitive defect in root
elongation. The aberrant root morphology of the mutant includes
shortening of roots, disruption of microtubules, and shrinkage of
W. Wu, S. Cheng / Field Crops Research 165 (2014) 111–124 115cells in the root elongation zone (Jiang et al., 2005). OsCyt-inv1
codes an alkaline/neutral invertase and is an ortholog of
Arabidopsis gene AtCyt-inv1. The mutant showed short root under
normal growth condition, the cell length along the longitudinal
axis was reduced and the cell shape in the root elongation zone
shrank. Map-based cloning revealed that a nucleotide substitution
causing an amino acid change from Gly to Arg occurred in the
predicted gene (Jia et al., 2008). OsSPR1 encodes a mitochondrial
protein with the Armadillo-like repeat domain. Osspr1 mutant
exhibited decreased root cell elongation (Jia et al., 2011). The iron
and zinc content of the mutant shoots was signiﬁcantly altered. A
homolog of KOR1 of rice, OsGLU3, encodes a putative membrane-
bound endo-1,4-b-glucanase. OsGLU3 can affect root cell wall
cellulose synthesis to modulate root elongation (Zhang et al.,
2012a). KSR1 is a short root gene, it is mapped to a 155 kb region,
ﬂanked by the InDel marker 4–24,725 K and the SSR marker
RM17182 (Ning et al., 2010).
As an ortholog of Arabidopsis DGL1, human OST48 and yeast
WBP1, OsDGL1 encodes the dolichyl-diphosphooligosaccharide-
protein glycosyl- transferase 48 kDa subunit precursor (Qin et al.,
2013). The osdgl1 displayed a change of matrix polysaccharides in
its root cell wall, shorter root cell length, smaller root meristem
and cell death in the root. OsCKI1 encodes a casein kinase, and plays
an important role in formation and growth of adventitious root in
rice (Liu et al., 2003).
A large number of QTLs related to root development in rice have
been detected, but just few major QTLs have been cloned. DEEPER
ROOTING 1 (DRO1), a rice quantitative trait locus controlling root
growth angle, was mapped and sequenced (Uga et al., 2013). DRO1
is negatively regulated by auxin and is involved in cell elongation in
the root tip that causes asymmetric root growth and downward
bending of the root in response to gravity. qRL7 is located between
markers InDel11 and InDel17, which delimit a 657.35 kb interval in
the reference cultivar Nipponbare. qRL7 plays a crucial role in root
length (Wang et al., 2013a). The major QTL, qRL6.1, greatly
promoted root elongation under NHþ4 condition, and was localized
to the long-arm of chromosome 6 (Obara et al., 2010). DES is
associated with adventitious root thickness (Wan et al., 1996).
3.1.3. Lateral root and root hair development
Lateral roots emerge from the primary roots (radicle and
adventitious roots), it is the most important part of root system,
and contributes to water and nutrient acquisition. Several genes
associated with lateral root development have been identiﬁed
(Table 2).Table 2
Genes related to development of lateral root and root hair.
Phenotype Gene L
Lateral root development ALF1 
ARM1,ARM2 
OsIAA3,
OsIAA11,
OsIAA13
OsIAA23
L
L
L
L
LRT1, LRT2 
OsORC3 
OsWRKY31 L
OsWOX3A(NAL2) L
Root hair development OsAPY(RTH1) L
OsCSLD1 L
OsEXPB5,
OsEXPA17
L
L
RH2 L
OsSRH1, OsSRH3 
OsRHL1 LThe mutant lrt1 fails to form lateral roots and shows a reduced
root gravity response. Lrt1 displays resistance to 2,4-D, NAA, IBA,
and IAA, due to the altered auxin activity in the root, thereby
affecting root morphology (Chhun et al., 2003a). The mutant lrt2
fails to form lateral roots and exhibits altered root response to
gravity too (Wang et al., 2006). LRT2 is localized to a 10.8 cM
interval on the short arm of chromosome 2, ﬂanked by two
sequence-tagged site (STS) markers Lrt2P1 and Lrt2P2.
OsWOX3A plays important roles in organ development, includ-
ing lateral-axis outgrowth and vasculature patterning in leaves,
lemma and palea morphogenesis in spikelets, and the numbers of
tillers and lateral roots. OsWOX3A is encoded by NARROW LEAF2
(NAL2) and NAL3, a pair of duplicated genes. It also acts in the
control of root hair formation (Cho et al., 2013). A G ! A mutation
in the 9th exon of OsORC3 (Origin Recognition Complex subunit 3)
is responsible for the mutant (orc3) phenotype. OsORC3 is strongly
expressed in regions of active cell proliferation, including the
primary root tip, stem base, lateral root primordium, emerged
lateral root primordium, lateral root tip, young shoot, anther and
ovary (Chen et al., 2013).
Arm1 and Arm2 function in different processes in the auxin
response pathways leading to lateral root formation. The arm1
displays a variety of morphological defects including reduced
lateral root formation, increased seminal root elongation, reduced
root diameter, and impaired xylem development in roots, while the
arm2 reduces slightly lateral root formation, impaired xylem
development in roots and an enhanced plant height (Chhun et al.,
2003b).
Root hairs differentiate from epidermal cells of root, and serve to
acquisition of nutrients and water from the rhizosphere. Eight genes
related to root hair development have been reported in last decade
(For more information, see http://www.iroothair.org/). The mutant
roothairless 1 (rth1) shows absence of root hair (Yuo et al., 2009). It is
caused by a mutation of OsAPY, an important gene for root hair
elongation and plant growth in rice. Root hairless 2 (rh2) is complete
absence of root hairs, and with a strong reduction in root length
among all root types, as well as a strong reduction in plantheight.
The mutation does not affect the number of crown roots or the
morphology of leaves (Suzuki et al., 2003). OsCSLD1 is required for
hair elongation but not initiation (Kim et al., 2007). It expresses in
only root hair cells, and is the only member of the four rice CSLD
genes that shows root-speciﬁc expression. OsRHL1 is a novel basic
helix-loop-helix (bHLH) transcription factor involved in the
regulation of plant root hair development, and belongs to subfamilyocus ID Reference
Debi et al. (2003)
Chhun et al. (2003b)
OC_Os12g40900
OC_Os03g43400
OC_Os03g53150
OC_Os06g39590
Nakamura et al. (2006)
Zhu et al. (2011)
Kitomi et al. (2012)
Ni et al. (2011)
Chhun et al. (2003a); Wang et al. (2006)
Chen et al. (2013)
OC_Os03g20550 Zhang et al. (2008)
OC_Os11g1130 Cho et al. (2013)
OC_Os07g48430 Yuo et al. (2009)
OC_Os10g42750 Kim et al. (2007)
OC_Os04g46650
OC_Os06g1920
Won et al. (2010)
Yu et al. (2011)
OC_Os01g32460 Suzuki et al. (2003)
Ding et al. (2011, 2012)
OC_Os06g8500 Ding et al. (2009)
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17 of the bHLH family in Arabidopsis (Ding et al., 2009).
OsSRH1 and OsSRH3 are two short hair genes. OsSRH1 was
mapped between markers T1757 and T1768 with a distance of
115 kb on chromosome 6. OsSRH3 ﬂanked by markers S38,978 and
S39,016 on chromosome 1. The elongation of root hairs in both
mutant is severely impaired (Ding et al., 2011, 2012). OsEXPB5 is a
root hair-speciﬁc EXPB gene that contains root hair-speciﬁc cis-
elements (RHEs). It is thought to encode proteins that function
more efﬁciently on cell wall modiﬁcation during root hair
morphogenesis (Won et al., 2010). OsEXPA17 expresses in root
hair cells. OsexpA17 contains a point mutation, causing a change in
the amino acid sequence. The mutant has short root hairs
(Gly104 ! Arg) (Yu et al., 2011).
3.1.4. Phytohormones controlling root growth
Phytohormones play vital functions in root growth. They not
only control the initiation and elongation of radicle and adventi-
tious roots, and also regulate the development of lateral roots and
root hairs.
3.1.4.1. Auxin. The mutant alf1 (altered lateral root formation)
with shorter lateral roots displayed reduction in both the number
and length of root hairs. It is related to altered auxin response or
transport in which IBA is playing an important role (Debi et al.,
2003).
There are 24 rice Aux/IAA homologous genes in the rice
genome. OsIAA3 is the ﬁrst identiﬁed Aux/IAA gene that functions
in lateral root development. Osiaa3 showed auxin insensitivity,
abnormal shoot and root gravitropism, and a defect in lateral root
initiation (Nakamura et al., 2006). OsIAA11 causes the inhibition of
lateral root development (Zhu et al., 2011). It strictly blocks the
initiation of lateral root primordia, but it does not affect crown root
development. Expression of OsIAA11 is located in root tips, lateral
root caps, steles, and lateral root primordia. Osiaa13 is a rice gain-
of-function mutant. The number of lateral roots of mutant was
signiﬁcantly reduced, and the root gravitropic response was
defective. OsIAA13 is involved in auxin signaling and controls
the expression of genes that are required for lateral root initiation
in rice (Kitomi et al., 2012).
The quiescent center (QC) is crucial to root development.
Osiaa23 is a semi-dominant mutant related QC development. It
exhibits pleiotropic defects in root tissues, which includes the root
cap, lateral and crown roots. Expression of OsIAA23 is speciﬁc to the
QC of the root tip during the development of primary, lateral and
crown roots. The maintenance of the QC is dependent on OsIAA23-
mediated auxin signaling (Ni et al., 2011).
The rice genome contains 12 putative PIN genes encoding auxin
efﬂux transporters, including four PIN1 and one PIN2 genes. OsPIN1
plays an important role in auxin-dependent adventitious root
emergence and tillering. OsPIN1 expresses in the vascular tissues
and root primordial in a manner similar to AtPIN1(Xu et al., 2005).
OsPIN3t acts in auxin polar transport but is also involved in the
drought stress response. Overexpression of OsPIN3t led to
improved drought tolerance, while knockdown of OsPIN3t caused
crown root abnormalities in the seedling stage (Zhang et al.,
2012c). OsARF12 is a transcription activator on auxin response
genes, regulates root elongation and affects iron accumulation (Qi
et al., 2012).
OsYUCCA1 is characterized to function in root formation. Over-
expressing OsYUCCA1 results in increased IAA level and adventi-
tious root number, whereas rice expressing antisense OsYUCCA1
cDNA displayed decreased adventitious root number (Yamamoto
et al., 2007). OsCOW1 encodes a member of the YUCCA protein
family causes a phenotype of reduced adventitious root number
and lower root to shoot ratios in rice (Woo et al., 2007).WRKY transcription factors have many regulatory roles in
response to biotic and abiotic stresses. OsWRKY31 is a rice WRKY
gene that encodes a polypeptide of 211 amino-acid residues and
belongs to a subgroup of the rice WRKY gene family. Over-
expression of the OsWRKY31 exhibits reduced lateral root
formation and elongation. OsWRKY31 might alter the auxin
response or transport and the defense response (Zhang et al.,
2008).
OsRAA1 encodes a 12.0 kD protein that has 58% homology to the
AtFPF1 (Flowering Promoting Factor 1) in Arabidopsis. OsRAA1
expresses speciﬁcally in the apical meristem, the elongation zone
of root tip, steles of the branch zone, and the young lateral root.
OsRAA1 constitutive expression was induced by auxin, and caused
longer leaves and sterile ﬂorets at the last stage of plant
development. Over-expression of OsRAA1 caused endogenous
indole-3-acetic acid to increase (Ge et al., 2004). OsRR2 is also
an auxin response gene RR2 involved in rice adventitious root
elongation (Zhao et al., 2009).
3.1.4.2. Cytokinin. As a WUSCHEL-related homeobox gene, WOX11
is involved in the CK-regulated development of adventitious root.
WOX11 expresses in emerging crown roots and later in cell division
regions of the root meristem, and its expression could be induced
by exogenous application of auxin or cytokinin (Zhao et al., 2009).
WOX11 and CRL5 are involved in different developmental stages of
crown root formation through the regulation of cytokinin
signaling. WOX11 could be part of the positive feedback loop of
auxin signaling.
OsMT2b is also involved in cytokinin-regulated adventitious
root emergence and development, it encodes a metallothionein
(Yuan et al., 2008). OsMT2b RNAi transgenic plants have serious
defects in plant growth and root formation, whereas OsMT2b
overexpressing transgenic plants are dwarfed with more adventi-
tious roots and bigger lateral roots. Expression of OsMT2b could be
suppressed by exogenous application of cytokinin.
3.1.4.3. Jasmonic acid. Jasmonic acid can also affect rice root
growth. OsRMC affects rice root system development through a
negative JA (jasmonic acid) pathway. It encodes a JA induced
putative receptor-like protein of the DUF26 subfamily. RNAi
transgenic rice cultured in the dark inhibits lateral root
initiation and primary root elongation, but promotes the
initiation and development of adventitious roots (Jiang et al.,
2007).
3.2. Root physiological functions
3.2.1. Macro-mineral elements uptake
Although some progress on root physiological genetics has been
achieved in recent years, a large number of genes involved in
acquisition of nutrients through roots have been discovered
(Table 3), it is still insufﬁcient for understanding the functions
of rice root at molecular level.
3.2.1.1. Nitrogen. There are three transport systems for the uptake
of NO3 in plants roots: two high afﬁnity transport systems (HATS:
constitutive HATS, cHATS, and inducible HATS, iHATS) and one
low-afﬁnity transporter system (LATS) (King et al., 1993), and two
for uptake of NHþ4 , one HATS and one LATS (Miller et al., 2001).
Ammonium in comparison to nitrate as N source for rice promoted
uptake and translocation of total N from root to shoot and resulted
in higher shoot yield. Supply of the two forms of N showed the
highest biomass yield of both roots and shoots and total N uptake
(Li et al., 2006a).
In many natural and agricultural ecosystems, NHþ4 is the
predominant N source (Bijlsma and Lambers, 2000). NHþ4 uptake
Table 3
Genes related to physiological functions of root.
Phenotype Gene Locus ID Reference
N utilizaiton OsAMT1;1
OsAMT1;2,
OsAMT1;3
LOC_Os04g43070
LOC_Os02g40730
LOC_Os02g40710
Kumar et al. (2003)
Suenaga et al. (2003)
Sonoda et al. (2003)
OsAMT2;1
OsAMT2;3
LOC_Os05g39240
LOC_Os01g61550
Gaur et al. (2012)
Gaur et al. (2012)
OsGS1;1
OsGS1;2
LOC_Os02g50240 Tabuchi et al. (2005)
Ishiyama et al. (2004)
OsNR1 Li et al. (2006a)
NRR LOC_Os05g51690 Zhang et al. (2012b)
OsNRT1
OsNRT2
LOC_Os10g40600
LOC_Os01g50820
Lin et al. (2000)
Yan et al. (2011a)
P uptake OsLPT1 Ming et al. (2005)
OsMYB2P-1 LOC_Os05g4820 Dai et al. (2012)
OsPAP10a LOC_Os01g56880 Tian et al. (2012)
Pup1 (PSTOL1) Wissuwa et al. (1998); Gamuyao et al. (2012)
OsPI1 Wasaki et al. (2003)
OsPHT2;1 Shi et al. (2013)
OsPHO2 Secco et al. (2012)
OsPHR1
OsPHR2
LOC_Os03g21240
LOC_Os07g25710
Zhou et al. (2008)
Liu et al. (2010)
OsPT1-OsPT13 Sun et al. (2012); Ai et al. (2009); Shi et al. (2013); Paszkowski et al. (2002);
Goff et al. (2002); Guimil et al. (2005); Wang et al. (2013b)
OsPTF1 LOC_Os06g9370 Yi et al. (2005)
OsSPX1
OsSPX2-OsSPX6
LOC_Os06g40120 Wang et al. (2009a)
Wang et al. (2009b); Secco et al. (2012)
K uptake OsAKT1 Fuchs et al. (2005)
OsHAK1,3,4,6–17
OsHAK5
Banuelos et al. (2002); Okada et al. (2008); Horie et
al. (2011)
K and Na uptake OsHAK2 LOC_Os01g70940 Horie et al. (2011)
OsHKT1 (OsHKT2;1)
OSHKT2(OsHKT2;2);OsVHA
LOC_Os06g48810 Kader et al. (2006)
Horie et al. (2001)
OsHKT4 (OsHKT;1) LOC_Os04g51820 Garciadeblas et al. (2003)
OsHKT8 (OsHKT1;5; SKC1) LOC_Os01g20160 Ren et al. (2005)
OsHKT1;4 LOC_Os04g51830 Cotsaftis et al. (2012)
OsHKT2;4 LOC_Os06g48800 Sassi et al. (2012)
OsNHX1 LOC_Os07g47100 Fukuda et al. (1999)
S uptake OsST1, OsST2 Godwin (2002)
Mg uptake OsMGT LOC_Os01g64890 Cai et al. (2011)
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(AMTs). There are 10 putative OsAMT genes, which are subdivided
into four clades, three each for OsAMT1, OsAMT2 and OsAMT3, and
one for OsAMT4. Among them, OsAMT2;1 encodes functional
ammonium transporters and constitutively expresses in both roots
and shoots irrespective of the supply of inorganic nitrogen to the
medium, whereas OsAMT3;1 expression is relatively weak
(Suenaga et al., 2003). OsAMT1 is belong to the AMT1 family,
including OsAMT1;1-1;3, which plays a key role in the inﬂux of NHþ4
from low external NHþ4 concentration (Kumar et al., 2003). Similar
to its ortholog AtAMT1;2 in Arabidopsis roots, OsAMT1;1 is
abundantly expressed in rice roots and is little affected by change
of the N supply form or N starvation (Gazzarrini et al., 1999).
OsAMT2;3 belongs to AMT2 family, its expression is affected by
different doses of nitrogen (Gaur et al., 2012).
Nitrate transporters (NRTs) mediate nitrate uptake. There are
seven NRT2 genes encoding high-afﬁnity nitrate transporters
(Orsel et al., 2002) and over 50 NRT1 genes encoding low afﬁnity
nitrate transporters (Williams and Miller, 2001) in Arabidopsis
thaliana. OsNRT1 is a constitutive low-afﬁnity nitrate transporter
gene (Lin et al., 2000). OsNRT2 has the highest similarity to
AtNRT2;5 in protein sequence level (62%) among all members of
AtNRT2 in Arabidopsis (Li et al., 2006a). A two-component system
for nitrate transport including NRT2s with a partner protein (NAR2
or NRT3.1) has been identiﬁed in Arabidopsis. Yan et al. (2011a)
reported the physiological function of another member of the NAR2family, OsNAR2.1 (Nipponbare), which mainly expressed in roots
and induced by nitrate and suppressed by ammonium and some
amino acids. NR (Nitrate reductase) responses to environments
and circadian clock (Lillo et al., 2001). OsNR1 was induced
expression by exposure to nitrate. It might be regulated by nitrate
in the short term and by both nitrate and total N supply status in
the long term (Li et al., 2006a).
Rice plants possess three homologous but distinct genes for
cytosolic glutamine synthetase (GS1): OsGS1;1, OsGS1;2, and
OsGS1;3. OsGS1;1 is expressed in all organs tested with higher
expression in leaf blades, while OsGS1;3, and OsGS1;3 are
expressed mainly in roots and spikelets, respectively (Sonoda
et al., 2003; Tabuchi et al., 2005). In the report of Ishiyama et al.
(2004), OsGS1;1 accumulated in dermatogens, epidermis and
exodermises in rice roots under N-limited condition, while
OsGS1;2 was abundantly expressed in the same cell layers under
N (ammonium)-sufﬁcient conditions. OsGS1;1 and OsGS1;2 were
both induced by ammonium within the central cylinder of the
elongating zone.
NRR (nutritionresponseand root growth) is alternativelyspliced,
producing two 5’-coterminal transcripts, NRRa and NRRb. Expres-
sion of NRR in rice seedling roots is signiﬁcantly inﬂuenced by
deﬁciency of macronutrients. NRRa and NRRb play negative
regulatory roles in rice root growth, modulate the rice root
architecture with the availability of macronutrients (Zhang et al.,
2012b).
118 W. Wu, S. Cheng / Field Crops Research 165 (2014) 111–1243.2.1.2. Phosphorus. The uptake and distribution of P in plants
requires multiple P transport systems throughout growth and
development. Vance et al. (2003) considered that an effective
adaptation for enhancing P uptake was to increase root growth.
Wissuwa et al. (1998) mapped a major QTL, pup1, for P uptake to
a 13-cM marker interval on the long arm of chromosome 12.
Gamuyao et al. (2012) characterized this gene and named PSTOL1, it
is the ﬁrst phosphorus-efﬁciency gene identiﬁed in plants. The
gene encodes a protein kinase enzyme that signiﬁcantly enhances
grain yield from rice plants grown on phosphorus-deﬁcient soils.
The PHT1 and PHT2 families in plant function absorption and
transportation of P. Thirteen putative high-afﬁnity P transporter
genes belonging to the Pht1 family (OsPT1–OsPT13) have been
identiﬁed in the rice genome (Goff et al., 2002). OsPT1is involved in
the OsPHO2-regulated P pathway (Sun et al., 2012). OsPT1 is a key
member of the Pht1 family involved in P uptake and translocation
under P-replete conditions. Expression of OsPT13 is constitutively
independent of P supply. OsPT2 is a low-afﬁnity P transporter,
expressed abundantly in P-starved roots and facilitate the
transport of P from roots to shoot. OsPT6 plays a broad role in P
uptake and translocation throughout the plant (Ai et al., 2009).
OsPT9 and OsPT10 express in the root epidermis, root hairs and
lateral roots, with their expression being speciﬁcally induced by P
starvation (Wang et al., 2013c). OsPT8 is expressed in various
tissues and organs and involved in P homeostasis in rice (Jia et al.,
2011). OsPT11 and OsPT13, are exclusively induced in roots by
inoculation with arbuscular mycorrhiza fungi. OsPT11 activation is
independent of the nutritional status of the plant and phosphate
availability in the rhizosphere (Paszkowski et al., 2002; Guimil
et al., 2005). OsPHT2;1, a putative low afﬁnity phosphate
transporter gene, is involved in the P accumulation in leaves
and P translocation through plants (Shi et al., 2013).
AtPHR1 plays a central role in phosphate (P)-starvation signaling
in Arabidopsis thaliana. Two OsPHR genes OsPHR1 and OsPHR2 are
involved in P-starvation signaling pathway by regulation of the
expression of P-starvation-induced genes, whereas only OsPHR2
over-expression results in the excessive accumulation of P in shoots
under P-sufﬁcient conditions. Under P-sufﬁcient conditions, over-
expression of OsPHR2 mimics P-starvation stress in rice with
enhanced root elongation and proliferated root hair growth (Zhou
et al., 2008). As a orthologof AtPHR1, OsPHR2 positivelyregulates the
low-afﬁnity P transporter gene OsPT2 by physical interaction and
upstream regulation of OsPHO2 in roots (Liu et al., 2010).
Arabidopsis thaliana SPX (SYG/PHO81/XPR1) domain genes
have recently been shown to be involved in the phosphate
signaling pathway. In plants, proteins harboring the SPX domain
are classiﬁed into four families based on the presence of additional
domains in their structure, namely the SPX, SPX–EXS, SPX–MFS
and SPX–RING families. The genome of rice contains at least six
genes exclusively with an SPX(SYG1/PHO81/XPR1) domain at the
N-terminal, designated as OsSPX1–6. OsSPX1 occurs downstream
of OsPHR2 and PHO2. OsSPX1 acts via a negative feedback loop to
optimize growth under phosphate-limited conditions (Wang et al.,
2009a). Meanwhile, Wang et al. (2009b) reported the diverse
expression patterns of the OsSPX genes in different tissues and
their responses to P-starvation. Among them, ﬁve genes,
OsSPX1,2,3,5 and 6 are responsive to P-starvation in shoots and/
or in roots. OsSPX1 and OsSPX2 are exclusively located in nucleus,
OsSPX3 is in the cytoplasm, and OsSPX4 is a membrane localized
protein. OsSPX1 regulates OsSPX2,3 and 5 at the transcription level
and is positively involved in the responses of the genes to P-
starvation. OsSPX3 negatively regulates the PSI (P-starvation
induced) gene OsIPS1, and is involved in the responses of miR399
and OsPHO2 to P-starvation (Secco et al., 2012).
An R2R3 MYB transcription factor, OsMYB2P-1, is induced by P-
starvation. It is also associated with the regulation of root systemarchitecture. Over-expression of OsMYB2P-1 led to greater
expression of P-responsive genes such as Oryza sativa UDP-
sulfoquinovose synthase, OsIPS1, OsPAP10, OsmiR399a, and
OsmiR399j (Dai et al., 2012). OsLPT1 was a putative high-afﬁnity
phosphate (P) transporter gene with 1635-bp nucleotide sequence
and encoding a polypeptide of 535 amino acids. Expression of
OsLPT1 in both leaves and roots was enhanced by P deprivation
(Ming et al., 2005). Yi et al. (2005) cloned a P uptake gene OsPTF1.
Wasaki et al. (2003) isolated P utilization gene OsPI1 in root.
OsPAP10a belongs to group Ia of purple acid phosphatases
(PAPs), and clusters with the principal secreted PAPs in a variety of
plant species including Arabidopsis. Constitutive over-expression
of OsPAP10a results in a signiﬁcant increase of phosphatase activity
in both shoot and root. OsPAP10a is a root-associated APase.
OsPAP10a can potentially be used for crop breeding to improve the
efﬁciency of P use (Tian et al., 2012).
3.2.1.3. Potassium and sodium. Potassium is an essential nutrient
element for rice growth. K+ plays vital roles in many aspects of
cellular homeostasis including competing with sodium ion (Na+)
during potassium starvation and salt stress (Horie et al., 2011).
Membrane transport of potassium can be mediated by potassium
channels and secondary potassium transporters. Plant potassium
transporters are presented in three families of membrane proteins:
the K+ uptake permeases (KT/HAK/KUP), the K+ transporter (Trk/
HKT) family and the cation proton antiporters (CPA) (Gierth and
Mäser, 2007). In plants, the KT/HAK/KUP transporters form a large
family. KT/HAK/KUP transporters serve various functions in
various K trafﬁc, but their physiological roles are still unclear.
At least seventeen genes (OsHAK1–17) encoding KT/HAK/KUP
transporters are presented in the genome of rice. OsHAK1 and
OsHAK16 are KT/HAK/KUP transporters of cluster I in rice,
expression of the OsHAK16 is induced by K starvation (Banuelos
et al., 2002). The expression of OsHAK1, OsHAK7, and OsHAK16 is
much higher than that of other OsHAK genes (Okada et al., 2008).
OsHAK1 (cluster I) and OsHAK12 (cluster III) are candidates for high-
afﬁnity Kuptake transporters in root. OsHAK11 and OsHAK12 (cluster
III) are signiﬁcantly induced bysalt stress and K+starvation. OsHAK5
functions as a Na+-insensitive K+ transporter, while OsHAK2 is
sensitive to extracellular Na+ and exhibits higher Na+ over K+
transport activities. OsHAK5 is localized to the plant plasma
membrane, it could be used as a tool to enhance salt tolerance in
plant cells (Horie et al., 2011).
OsAKT1 is a potassium channel homologous of AKT/KAT
subfamily. Expression of AKT/KAT is down-regulated under salt
stress, and predominantly localized in root epidermis and endoder-
mis. It encodes a K+ uptake channel protein (Fuchs et al., 2005).
Excessive accumulation of sodium in plants causes toxicity.
High-afﬁnity K+ transport systems are essential for preventing Na+
toxicity. Under NaCl-dominated salt stress, the key for plant to
survive is to maintain a low cytosolic Na+ level or Na+/K+ ratio. In
rice, eight functional HKT homologues (OsHKT1, OsHKT3–9) have
been identiﬁed (Garciadeblas et al., 2003). OsHKT2;1 (OsHKT1) is a
Na+ transporter, and OsHKT2; 2 (OsHKT2) is a K+/Na+ cotransporter
(Horie et al., 2001). OsHKT2;1 is mainly expressed in the cortex and
endodermis of roots. Na+ can enhance growth of rice under K+
starvation conditions, and that OsHKT2;1 is the central transporter
for nutritional Na+ uptake into K+-starved rice roots (Horie et al.,
2007). OsHKT1, OsHKT2, and OsVHA (the vacuolar H+-ATPase) also
are sodium transporters, which function in maintaining cytosolic
Na+ homeostasis (Kader et al., 2006). SKC1 (OsHKT8) functions as a
Na+-selective transporter. OsHKT8 is involved in regulating K+/Na+
homeostasis under salt stress, providing a potential tool for
improving salt tolerance in crops (Ren et al., 2005). OsHKT1;4 and
OsHKT2;4 are responsive to K and Na accumulation and
transporter (Cotsaftis et al., 2012; Sassi et al., 2012).
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with a putative Na+/H+exchanger in Saccharomyces cerevisiae, NHX1.
OsNHX1 is 2330 bp in length with an open reading frame of 1608 bp.
The deduced amino acid shares high similarity with that of NHX1
and NHE isoforms in mammals. Expression of OsNHX1 can be
induced by salt stress (Fukuda et al., 1999).
3.2.1.4. Magnasium and sulphur. OsST1 and OsST2 encode putative
sulfate transporters. Both proteins with predicted topologies of 12
membrane spanning domains and possess signature sequences of
the H+/ H2S042 symporter family of transporters. OsST1 expresses
strongly in roots with levels of expression being strongly enhanced
by sulphate starvation. Expression of OsST1 is localized in the main
absorptive region of roots especially in all cells within a few
millimeters of the root tip, and the tips of emerging laterals. It is
responsible for uptake of sulfate from the soil solution. OsST1 is
predicted to be a plastidic sulfate transporter possessing a typical
plastid-targeting transit peptide (Godwin, 2002).
A putative Mg absorption gene OsMGT showed down- and up-
regulation in the rice root by K starvation (Cai et al., 2011).
3.2.2. Micro-mineral elements uptake
3.2.2.1. Iron. As an essential micro mineral element, iron plays a
vital role in rice production. OsIRT1 is highly homologous with Fe
(II) transport gene IRT1 of Arabidopsis. OsIRT1 is induced by Fe and
Cu deﬁciency and expressed in root (Bughio et al., 2002) (Table 4).
Nicotianamine (NA) is a chelator of metals. It is a biosynthetic
precursor of phytosiderophores and is thus a crucial component for
iron (Fe) acquisition in graminaceous plants. Three rice NA
synthase (NAS) genes, OsNAS1, OsNAS2, and OsNAS3 express in
cells and are involved in long-distance transport of Fe, and
differentially regulated by Fe. OsNAS1 and OsNAS2 transcripts were
detected in Fe-sufﬁcient roots but not in leaves, while OsNAS2
transcript was present in leaves but was very low in roots of Fe-
sufﬁcient plants. OsNAS2 expression was induced in roots but was
suppressed in leaves in response to Fe deﬁciency (Inoue et al.,
2003). NAAT1 encodes nicotianamine aminotransferase in rice. The
mutant failed to produce deoxymugineic acid and could not absorb
Fe(III) efﬁciently. The disruption of deoxymugineic acidTable 4
Genes related to utilization of water and micronutrients.
Phenotype Gene 
Fe utilization OsbHLH133 
OsFRDL1 
OsIRO2 
OsIRT1 
OsNAS1
OsNAS2
OsNAS3
NAAT1 
OsYSL2
OsYSL15
OsYSL16
OsYSL18
Si acquisition LSI1 
Cd accumulation OsHMA2
OsHMA3(qCdT7)
OsHMA9
Water acquisition OsPIP1,2,4,5,7;
OsTIP4;1
Abiotic stress tolerance MAIF1 
OsMSR2 
OsNAC9
OsNAC10
OsNAC45biosynthesis can stimulate Fe(II) acquisition and increase iron
accumulation in rice (Cheng et al., 2007a).
There are 18 putative yellow stripe 1 (YS1)-like genes (OsYSLs) in
rice, that exhibited 36–76% sequence similarity to maize iron(III)-
phytosiderophore transporter YS1. OsYSL2 encodes a polypeptide
of 674 amino acids containing 14 putative transmembrane
domains, and expresses in companion cells in iron sufﬁcient
roots. OsYSL2 transports iron(II)-nicotianamine (NA) and manga-
nese(II)-NA, but did not transport iron(III)- phyosiderophore
(Koike et al., 2004). OsYSL15 expresses in the epidermis/exodermis
and phloem cells under conditions of iron deﬁciency in roots.
OsYSL15 is the dominant iron(III)-deoxymugineic acid transporter
responsible for iron uptake from the rhizosphere and is also
responsible for phloem transport of iron (Inoue et al., 2009).
OsYSL16 has 85% similarity to both OsYSL15 and the iron(II)-
nicotianamine transporter OsYSL2 (Kakei et al., 2012). OsYSL18 is
predicted to encode a polypeptide of 679 amino acids containing
13 putative transmembrane domains. OsYSL18 is an iron phyto-
siderophore transporter involved in the translocation of iron in
reproductive organs and phloem in joints. In vegetative organs,
OsYSL18 is speciﬁcally expressed in lamina joints, the inner cortex
of crown roots, and phloem parenchyma and companion cells at
the basal part of every leaf sheath (Aoyama et al., 2009). OsIRO2 is a
key gene in Fe(III)-MAs (Mugineic acid family phytosiderophores)
transport and absorption system. Its over-expression will increases
MAs secretion in root system. Once this gene is restricted, the rice
plant will present symptoms of iron deﬁciency. It functions as a
transcriptional activator and regulated 59 Fe-deﬁciency-induced
genes in roots (Ogo et al., 2007).
Multidrug and toxic compound extrusion (MATE) transporters
represent a large family in plants. A rice MATE gene, OsFRDL1, the
closest ortholog of barley HvAACT1 (aluminum [Al]-activated
citrate transporter 1), is a citrate transporter localized at the
pericycle cells, which is necessary for efﬁcient translocation of Fe
to the shoot. It mainly expressed in the roots and the expression
level was not affected by either Fe deﬁciency or Al toxicity
(Yokosho et al., 2009).
OsbHLH133 is induced by Fe-deﬁciency. Insertional inactivation
of OsbHLH133 (bhlh133) resulted in growth retardation, with
enhanced Fe concentration in shoots, and reduced Fe concentrationLocus ID Reference
LOC_Os12g32400 Wang et al. (2013b)
LOC_Os03g11734 Yokosho et al. (2009)
LOC_Os01g72370 Ogo et al. (2007)
LOC_Os03g46470 Bughio et al. (2002)
LOC_Os03g19427
LOC_Os03g19420
LOC_Os07g48980
Inoue et al. (2003)
Inoue et al. (2003)
Inoue et al. (2003)
LOC_Os02g20360 Cheng et al. (2007a)
LOC_Os02g43370
LOC_Os02g43410
LOC_Os04g45900
LOC_Os01g61390
Koike et al. (2004)
Inoue et al. (2009)
Kakei et al. (2012)
Aoyama et al. (2009)
LOC_Os02g51110 Ma et al. (2006)
LOC_Os06g48720
LOC_Os07g12900
LOC_Os06g45500
Takahashi et al. (2012)
Ueno et al. (2010)
Lee et al. (2007)
Guo et al. (2006)
Sakura et al. (2005)
Yan et al. (2011b)
LOC_Os01g72530 Xu et al. (2013)
LOC_Os03g60080
LOC_Os11g3300
Redillas et al. (2012)
Jeong et al. (2010)
Zheng et al. (2009)
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resulted in an enhanced Fe concentration in roots and reduced Fe
concentration in shoots and also in xylem sap (Wang et al., 2013b).
3.2.2.2. Silicon. Rice is a typical silicon-accumulating plant. Silicon
is essential for high and sustainable production of rice, it is helpful
to overcome abiotic and biotic stresses by preventing lodging and
increasing resistance to pests and diseases, as well as other
stresses. Low silicon rice 1 (Lsi1) gene controls silicon accumulation.
Lsi1 belongs to the aquaporin family and is constitutively expressed
in the roots. Lsi1 is localized on the plasma membrane of the distal
side of both exodermis and endodermis cells, where casparian
strips are located. Suppression of Lsi1 expression resulted in
reduced silicon uptake (Ma et al., 2006).
3.2.3. Water acquisition
It is well known that plant aquaporins serve to water uptake in
root and water transport through whole plant. Aquaporins are
membrane proteins that belong to the major intrinsic protein (MIP)
family, with members found in nearly all living organisms (Agre
et al., 1998). Plant aquaporins include four major subfamilies:
plasma-membrane intrinsic proteins (PIPs), tonoplast intrinsic
proteins (TIPs), Nod26-like intrinsic proteins (NIPs), and small and
basic intrinsic proteins (SIPs), which enable fast and controlled
translocation of water across the membrane. Researches on
aquaporins in rice mostly focused on PIPs. Thirty-three genes
for aquaporins in rice have been identiﬁed, of which six genes,
including OsPIP2;4 and OsPIP2;5, express predominantly in roots.
14 genes, including OsPIP2;7 and OsTIP1;2, are found in leaf blades.
Eight genes, such as OsPIP1;1 and OsTIP4;1, express in leaf blades,
roots and anthers (Sakura et al., 2005). There are 10 rice PIP genes
(OsPIPs) that are classiﬁed into two subgroups (OsPIP1 and OsPIP2),
of which three members OsPIP1–3, OsPIP2–2, and OsPIP2–7 are root
speciﬁc in seedlings (Guo et al., 2006).
There are 140 NAC (NAM–ATAF–CUC) genes predicted in rice, 18
are identiﬁed to be induced by stress conditions. OsNAC9 may
account for the altered root architecture conferring increased
drought resistance phenotype (Redillas et al., 2012). OsNAC10
expresses predominantly in roots and panicles and is induced by
drought, high salinity, and abscisic acid (ABA). The root-speciﬁc
over-expression of OsNAC10 enlarges roots, enhancing drought
tolerance of transgenic plants, which increases grain yield
signiﬁcantly under ﬁeld drought conditions (Jeong et al., 2010).
OsNAC045 is induced by drought, high salt, and low temperature
stresses, and ABA. It encodes a novel stress-responsive NAC
transcription factor and is potentially useful for engineering
drought and salt tolerant rice (Zheng et al., 2009).
OsMSR2 is a calmodulin-like gene induced by cold, drought and
heat, mainly expresses in root, leaf, seedling, lamina joint, base of
stem and spikelet. Over-expression of OsMSR2 showed more
tolerance to salt stress (Xu et al., 2013).
F-box domain proteins is one of the largest gene families, they
have important roles in regulating various developmental pro-
cesses and stress responses. Expression of rice F-box domain gene,
MAIF1, is induced rapidly and strongly by ABA and abiotic stresses.
MAIF1 expression is also induced in root tips by sucrose,
independent of its hydrolytic hexose products, glucose and
fructose, and the plant hormones auxin and cytokinin. Over-
expression of MAIF1 reduces rice ABA sensitivity and abiotic stress
tolerance and promotes rice root growth (Yan et al., 2011b).
3.2.4. Accumulation of toxic trace elements
Toxic trace elements (Pb, As, Hg and Cd, etc.) pollutions in food
have posed a threat to human health. Cadmium (Cd) is highly toxic
for all organisms. It has been elucidated that the Cd was associated
with cancers of the prostate, lungs, and testes, kidney tubuledamages, rhinitis, emphysema, and bone fractures (Nawrot et al.,
2006; Bertin and Averbeck, 2006). Therefore, it is necessary to limit
Cd into the food chain from soil to reduce potential health risks to
humans. As an important staple food, rice is a major source of Cd
intake (Cheng et al., 2006; Watanabe et al., 2004). Some genetic
studies on Cd accumulation in rice grain have been done, and several
QTLs were detected and mapped (Ishikawa et al., 2010; Xue et al.,
2009). There are several families of transporters that mediate Cd
uptake and transport, including Zipand Nramp, ABC, Ysl, Copt, Heavy
metal ATPases (CPX-type), Ca2+-ATPases, Cation/H+ antiporters, and
GNGC(Clemens, 2001;ColangeloandGuerinot,2006;Williams etal.,
2000). More than 30 genes related to Cd uptake, transportation and
accumulation have been characterized in rice (Sebastian and Prasad,
2014). Among them,P1B-typeheavy metal ATPase(HMAs) playavery
important role in Cd uptake and accumulation. Expression of
OsHMA9 is induced by a high concentration of Cu, Zn, and Cd (Lee
et al., 2007). OsHMA2 is related to Cd transportation, and also
response to Zn transportation through rice plant (Takahashi et al.,
2012). OsHMA3 is responsible for low Cd accumulation. It encodes a
transporter belonging to the P1B-type ATPase family, shares low
similarity with othermembers. It is fascinating thatover-expression
of the functional gene from the low Cd-accumulating cultivar
selectively decreased accumulation of Cd, but not other micro-
nutrients in the grain. OsHMA3 limits translocation of Cd from the
roots to the above-ground tissues by selectively sequestrating Cd
intothe root vacuoles (Ueno et al., 2010). This gene wouldcontribute
to selection and breeding of rice cultivars with low Cd accumulation
in the grain.
4. Problems and prospects
Although increasing knowledge on rice root has given an insight
into mechanisms of root development, it remains unclear what
root traits should be taken into account in rice breeding programs.
There are difﬁculties that hampered progress of root genetics:
research efforts devoted to the root system have been much less
than to the above ground part. Lacking stable and credible
morphological data makes it difﬁcult to perform genetic research
on rice root traits (De Dorlodot et al., 2007).
Since Hales carried out root research with excavation method as
early as 1727, a number of approaches, such as root box, pin-board,
minirhizotrons, CT scans, gel-based imaging have been improved
for root studies. Recent years, computer assistant image analysis
have been developed quickly (see Root Methods, Smit et al., 2000).
The synchrotron X-ray computed tomography has been used as a
noninvasive method to observe how aerenchyma develops from
rice primary root (Karahara et al., 2012). A three-dimensional
imaging technique allows to perform a quantitative morphological
analysis and time-course, and also in-situ observations of
aerenchyma formation to phenotype root traits during seedlings
development (Clark et al., 2011).
However, many methods are still time-consuming and labori-
ous, and largely inﬂuenced by the complex underground environ-
ments. Root sampling procedures are often destructive. It is
impossible to sample intact root system from plants in ﬁeld
environments. Soilless culture techniques have provided a simple
and convenient methods with which the whole root system could
be extracted from the plants. But the soilless culture system could
not completely mimic the environments of paddy ﬁeld, thus the
information obtained in soilless culture usually do not exactly
reﬂect root feature under natural conditions. For identifying and
screening the root traits, more facilitated and effective methods,
especially the large-scale screening techniques for root measure-
ment in paddy ﬁeld are urgently required.
Quantitative trait loci (QTL) mapping is a major approach for
investigating complex genetic traits such as root, but QTL were not
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gene might have been lost in the selection process (Gowda et al.,
2011). To cope with this problem, association mapping(meta-
analysis) as a promising method was introduced to genetic
dissection of complex traits. Using association mapping, it is
possible to locate QTLs with better precision than using a mapping
population (Courtois et al., 2009, 2013). Among the large number
of root QTLs identiﬁed in past decades, few major QTLs have been
cloned and introgressed into another background (Shen et al.,
2001). Introduction of DRO1 into a shallow-rooting rice cultivar
was a successful practice. It enabled the resulting line to avoid
drought by increasing deep rooting, which maintained high yield
performance under drought conditions relative to the recipient
cultivar(Uga et al., 2013). SUBMERGENCE 1 (SUB1) is a robust
quantitative trait locus from the submergence tolerant FR13A
landrace. The marker-assisted introgression of the SUB1 region has
successfully improved submergence tolerance in a wide range of
mega-varieties without any penalties on development, yield, and
grain quality (Bailey-Serres et al., 2010).
Compared with QTL mapping, exploring beneﬁcial genes with
root mutants is a more efﬁcient approach, and a number of genes
reported are explored through root mutants. In addition, a number
of genome-wide large-scale studies have been performed (Take-
hisa et al., 2012; Zhai et al., 2013). These provide researches useful
techniques to unveil molecular mechanisms of root development.
For example, transcriptome analysis of rice mature root tissue and
root tips at two time points identiﬁed 1761 root-enriched
transcripts and 306 tip-enriched transcripts involved in different
physiological processes (Kyndt et al., 2012).
As mentioned by Den Herder et al. (2010), now is the time to
improve the plant’s capacity for uptake and ﬁxation of nutrients
and the focus should be on improving the root system. To achieve a
high-yield and eco-friendly agriculture, an enormous effort on a
political, economical and social level will be required. With the
increasing number of the identiﬁed genes related with root traits,
the combination of MAS (marker-assisted selection), conventional
approaches, and genetic engineering, would make it possible to
develop further grain yield varieties with ideal type root system in
the near future.
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